, triple-and dual-junction LEDs operated at 9.09 and 6.07 V with total differential resistances of 6.31 ' 10 %2 and 4.16 ' 10 %2 Ω cm 2 , respectively. A significant increase in output power was observed from the triple-junction LED compared to the dual one, showing that all LED layers contribute to the luminescence output. Enabling high brightness at low current, cascaded LEDs can circumvent efficiency droop mechanism. © 2015 The Japan Society of Applied Physics G aN-based light-emitting diodes (LEDs) have been commercialized owing to their high efficiency and long operating lifetime. [1] [2] [3] [4] [5] The widespread adoption of GaN LEDs especially for general lighting requires cost reduction to compete with fluorescent lamps. 6) Owing to the presence of efficiency droop at high-current operation, [7] [8] [9] [10] [11] [12] large LED chips have been operated under low current density to achieve high radiative output power. 6, 13) To enable cost reduction, the LED device area needs to be miniaturized and it should be operated for high power output without sacrificing efficiency.
We have proposed the approach of epitaxial cascading of identical LED active regions to enable the regeneration of electron and hole pairs for multiple radiative recombination processes. 14) This approach enables the application of input power mainly via operating voltage rather than driving current as in the conventional approach, and thus can circumvent the efficiency droop phenomenon. As an example, the energy band diagrams of a dual-junction LED under zero bias and forward bias are shown in Figs. 1(a) and 1(b), respectively. It can be seen that the injection of a single electron yields two radiative recombination processes under the applied doubled forward voltage. Monolithic dual-wavelength bluegreen LEDs have been demonstrated experimentally in [2001] [2002] . 15, 16) Recently, studies on molecular beam epitaxy (MBE)-grown GaN=InGaN=GaN tunnel junctions 17, 18) (TJ) and TJ-cascaded LEDs 14) have shown that low-resistance tunnel junctions can be achieved in III-nitrides and could help in overcoming efficiency droop. Research on metalorganic chemical vapor deposition (MOCVD)-based devices has led to reports of multijunction InGaN solar cells 19) and dual-junction blue LEDs. 20) However, owing to challenges associated with MOCVD growth, these devices have relatively higher TJ resistances than MBE-grown tunnel junctions. In this work, we discuss the growth and fabrication of three-junction cascaded LEDs, and show that tunnel junctions can be integrated in LED structures with low resistive losses.
The sample discussed in this study was grown on freestanding Ga-polar GaN substrates with a dislocation density of ∼7 × 10 7 cm −2 (obtained from Saint-Gobain) by plasmaassisted molecular beam epitaxy (PA-MBE). The epitaxial structure of the device is depicted in Fig. 2(a) . The growth was started with a 100-nm-thick Si-doped (5 × 10 18 cm −3 ) GaN layer at a substrate temperature of 710°C. Subsequently, the substrate temperature was lowered to 640°C for the growth of a 2.5 nm In 0.15 Ga 0.85 N single-quantum-well layer followed by 1 nm unintentionally doped (uid) GaN growth without interruption to prevent the decomposition of InGaN. After ramping the temperature to 680°C, 15 nm p-Al 0.1 Ga 0.9 N followed by an 85 nm p-GaN layer was grown with a Mg doping concentration of 3 × 10 19 cm −3 . We found that high substrate temperature and optimized Mg concentration during p-GaN growth are crucial for realizing comparatively high power LEDs with uniform emission patterns (from optical microscopy) especially for those grown on top of TJs. Following the growth of the p-GaN layer, the substrate temperature was then decreased to 590°C to grow 3 nm In 0.3 Ga 0.7 N for the TJ. InGaN was followed by 2 nm Sidoped GaN (3 × 10 19 cm
) at the same substrate temperature to prevent InGaN decomposition. Then, the substrate temperature was increased to 710°C to continue n++ GaN growth for a total thickness of 15 nm, which was followed by 85 nm GaN with a Si concentration of 5 × 10 18 cm −3
. Then, using these growth conditions, the second and third LED and TJ pairs were grown. It should be noted that all GaN and InGaN layers were grown under Ga-and In-rich conditions, respectively. Since it is desired to have n-GaN on top of the device for low contact and spreading resistance, the third TJ was realized to flip the top layer from p-type to n-type. Optical-contact-lithography-based fabrication processes were then applied to obtain 900 µm 2 device mesas with Al=Ni=Au ohmic contact pads for both the top and bottom of the device. We note that the tunnel junction geometry permits the top layer to be a low-spreading-resistance n-type GaN. Therefore, low-footprint metal contacts can be made to the top of the device (shown in the inset of Fig. 3 ). The measurements were performed on-wafer using a calibrated Ocean Optics spectrometer coupled with a fiber optic cable. After performing electrical and optical measurements, the top TJ and LED pair was then etched from the device, and ohmic contacts were then formed to obtain a dual-junction device [ Fig. 2(b) ]. The comparison of the as-grown (3-LED) and post-etched (2-LED) devices enables the determination of their electrical and optical properties.
The current-voltage (I-V ) characteristics measured from the devices are plotted in Fig. 3 . At an injection current density of 10 A=cm 2 , forward voltages were measured as 9.09 and 6.07 V for the 3-LED and 2-LED devices, respectively, resulting in less than 3.1 V across each junction (TJ + LED). The corresponding total differential resistances at 10 A=cm 2 were extracted to be 6.31 × 10 −2 and 4.16 × 10 −2 Ω cm 2 for the 3-LED and 2-LED devices, respectively. The total differential resistances of the devices at 1.5 kA=cm 2 were extracted as 1.37 × 10 −3 and 1.11 × 10 −3 Ω cm 2 for triple-and dualjunction LEDs, respectively, similar to previous reports on low-resistance InGaN TJs. 7, 8) The inset of Fig. 3 shows a micrograph of the 3-LED device under 3.3 kA=cm 2 (30 mA) forward current. It can be seen that light emission is uniform across the device surface, indicating that the top n-GaN layer properly spreads the injection current across the device area.
The normalized electroluminescence (EL) spectra of the 3-and 2-LED samples at a current of 10 mA are shown in Fig. 4 . It can be observed that while both devices had an EL peak at ∼421 nm, the shapes of the peaks are not identical. This indicates that the repeat of the InGaN active regions did not result in identical emission properties, although the peak wavelengths were similar for both devices. This is further confirmed in Fig. 5 , which shows the on-wafer luminescence power output of the devices, measured from the top surface using pulsed current with a 1% duty cycle and a 1 ms pulse width. It can be seen that at 40 mA, the 3-LED device emitted around 800 µW, whereas the 2-LED device delivered 200 µW. This implies that 600 µW was contributed from the topmost (third) LED in the operation of the 3-LED device. Although the growth of successive LEDs was performed under identical conditions, the contribution of each LED junction to the light output was found to be nonuniform. This issue is currently under investigation and it might be an inherent problem in the MBE growth of InGaN emitters.
In conclusion, we have demonstrated the cascading of nitride blue LEDs up to three junctions using low-resistance InGaN TJs. The triple-junction LED operated at 9.09 V under 10 A=cm 2 with a differential resistance of 6.31 × 10 −2 Ω cm 2 (at 1.5 kA=cm 2 , it is 1.37 × 10 −3 Ω cm 2 ). By comparing with the dual-junction LED (obtained by etching the top LED and TJ from the triple-junction device), we have shown that each LED junction contributes to the total radiative output. However, the contribution of individual LED active regions to the luminescence output was found to be nonuniform. This is under investigation and might be an inherent issue in the PA-MBE growth of InGaN LEDs. This proof-of-concept demonstration using highly conductive polarization-engineered tunnel junctions can enable future cost-effective III-nitride general lighting and multicolor LEDs.
